SUMMARY
The Drentsche patrijshond (Drent) is a relatively rare breed that is used as a versatile hunting dog. Although inherited diseases occur in this breed, no genetic mutations were previously known to contribute to these inherited disorders. Thirteen Drents were screened for 142 known disease-associated mutations that occur in domestic dogs. Of these, two mutations were identified to segregate in three pedigrees: mutations for hyperuricosuria and von Willebrand disease type 1. This information can be used to screen Drents before breeding to improve the health of the breed and to avoid producing affected dogs and emphasises the importance of genetic screening for inherited diseases in rare breeds.
BACKGROUND
There are >400 recognised breeds of the domestic dog, Canis familiaris, which show some of the greatest morphological differences within a species. These differences, for example, in skull shape, coat colour, leg length and behaviours, likely have significant genetic components and human beings have artificially selected for these genetic traits during breed identification for thousands of years.
Advances in veterinary medicine have increased the longevity of many breeds of domesticated dogs. In doing so, late onset diseases that were previously passed unnoticed from parent to offspring have the opportunity to manifest. Advances in molecular techniques and the sequencing of the canine genome (Lindblad-Toh and others 2005) allow for the identification of causal mutations and for the development of diagnostic tests that can be used to screen dogs before breeding. These advances in veterinary medicine and genomic diagnostics can be used to improve the overall health of a breed and to guide breeders in the choice of mating pairs to avoid producing carriers and affected dogs.
More than 150 mutations have been identified that contribute to clinical diseases of dogs (Nicholas and Hobbs 2014); many of which have been identified in the most popular breeds, such as Labrador retrievers and golden retrievers. Given that all breeds carry recessive mutations, rare breeds, such as the Drentsche patrijshond, have fewer numbers of available breeding dogs and are therefore more susceptible to inheriting genetic conditions simply because of population constraints. Identifying the breed-specific risks for disease is crucial to implementing any breeding programme aimed at controlling inherited disease transmission.
Through the genetic screening of known diseasecausing mutations in domestic dogs, the goal of this study was to identify mutations in the Drentsche patrijshond that could be screened for in breeding programmes and used in the development of health guidelines of the Drentsche Patrijshond Club of North America. The Drentsche patrijshond, also known as the Dutch partridge dog or Drent, is a breed originating from the province of Drenthe in the Netherlands. Developed in the 17th century, the closest relatives to the Drents are believed to be the Epagneul Français and the small Münsterländer (O'Connor 2014). The Dutch Kennel Club officially recognised the Drentsche patrijshond as a breed in 1943. There are currently about 5000 Drents worldwide and 120 Drents in North America, with the majority of these imported from the Netherlands (O'Connor 2014).
CASE PRESENTATION Sample collection and DNA extraction
Buccal samples were collected from 13 dogs attending the annual meeting of the Drentsche Patrijshond Club of North America. All dogs were known to be healthy at the time of sample collection. Three buccal swabs were used for collection on each dog. DNA was extracted using the Archive Pure DNA Tissue Kit (5Prime, Gaithersburg, Maryland, USA) using the 5Prime buccal brush protocol according to the manufacturer's specifications with the only exception to the protocol being that three swabs were used in a single extraction instead of one and that all reagent volumes were doubled. DNA concentrations were determined using a Nanodrop ND-2000 spectrophotometer (NanoDrop, Wilmington, Delaware, USA).
DNA analysis
For each of the 142 potential mutations, the DNA from each dog was analysed either by sequencing or by a PCR-based molecular method. Depending on whether one groups diseases based on clinical presentation, causative gene or that the diseases share the same mutation, these mutations represent approximately 115 different disorders. Of these, eight are autosomal dominant, nine are X-linked recessive, two are mitochondrial and the remaining disorders are autosomal recessive in mode of inheritance. Table 1 shows the routine molecular method used for each of the 142 disease-associated mutations.
INVESTIGATIONS

DNA sequencing
DNA sequence analysis was performed using an Illumina MiSeq DNA Sequencer (Illumina, San Diego, FASTA Quality file format files were processed in a second alignment using the BWA Tool, BWA-MEM (Li 2014) for the analysis of larger indels and unaligned reads.
PCR-based size analysis and enzymatic digestion
In some cases, additional PCR-based assays were employed to detect wild-type versus mutant alleles by size analysis, restriction enzymes or Surveyor enzymatic digestion assays. PCR primers were designed to flank each mutation and produce an amplicon of ∼100-600 bp. Standard PCR was performed using the Qiagen Multiplex PCR Kit (Qiagen, Valencia, California, USA) according to the manufacturer's protocol, except denaturation was performed for 15 seconds at 95°C and annealing at 60°C. PCR products were visualised on 2 or 4 per cent agarose gels or on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, USA). Size analysis allowed for the detection of insertions or deletions of 4 to ∼500 bp through standard PCR amplification and gel electrophoresis techniques. Restriction enzymes were used to digest PCR products where a mutation, typically a single nucleotide polymorphism (SNP) or small insertion, created or abolished a restriction enzyme recognition site. In these instances, PCR-amplified products were digested with a restriction enzyme specific to either the wild-type or mutant alleles, resulting in differing fragment patterns when visualised on a gel or on the Agilent 2100 Bioanalyzer. Finally, some genotypes were determined using the Surveyor endonuclease (Transgenomic, Gaithersburg, Maryland, USA) that specifically cleaves mismatched bp in DNA heteroduplexes, including single-base substitutions, deletions and insertions (Shi and others 2007) . Surveyor was used to detect SNPs and small insertions or deletions where a restriction enzyme could not be employed. PCR for Surveyor was performed using the Roche FastStart High Fidelity PCR System (Roche, Basel, Switzerland) with the following reagent concentrations: 1x FastStart High Fidelity Reaction Buffer with MgCl 2 , 5 per cent dimethyl sulfoxide, 200 μM PCR Grade Nucleotide Mix, and 0.1 U/μl FastStart High Fidelity Enzyme Blend. Surveyor hybridisation and digestion were performed according to the manufacturer's protocol, except that 2 μl of endonuclease was used during digestion. Surveyor products were visualised using an Agilent 2100 Bioanalyzer.
Von Willebrand factor (VWF) analysis
Blood was drawn and plasma was prepared on dogs 617 and 665 according to instructions provided by the Animal Health Diagnostic Center (Cornell University, Ithaca, New York, USA). Plasma was shipped to the diagnostic laboratory and VWF antigen was measured using an ELISA.
Pedigree analysis
Pedigree analysis was used to identify obligate carriers that were not available for testing.
OUTCOME AND FOLLOW-UP Mutation analysis results
Each of the 13 dogs was screened for 142 disease-associated mutations known to occur in various breeds of domesticated dogs (Table 1) . Of the 142 mutations screened, mutations for hyperuricosuria and von Willebrand disease type 1 were identified in multiple dogs studied (Table 2) . By mutation analysis, three dogs carried one copy of the mutation in SLC2A9 associated with hyperuricosuria and four dogs carried one copy of the mutation in VWF associated with von Willebrand disease 1 (vWD1) while three dogs were homozygous for the mutant allele and at-risk for vWD1. All dogs were homozygous for the wild-type allele in the remaining 140 mutations.
VWF analysis results
Dogs 617 and 665 showed abnormally low results (21 and 19 per cent as compared with a 100 per cent standard, respectively), consistent with the homozygous mutation of VWF found in these dogs. The normal reference interval for this assay is 70-180 per cent.
Pedigree analysis results
Pedigree analysis can be used to identify obligate carriers that are not available for testing. An obligate carrier is defined as an individual who must carry the mutation based on examination of the pedigree for which offspring are available and have been studied. In certain cases, offspring that have not been tested may also be deemed obligate carriers if they are offspring of an at-risk individual (who possesses two copies of the mutation). In clinical practice, pedigree analysis can also be used to identify dogs that are at an increased risk of being a carrier, based on their parents' status and should consider molecular testing to determine their genotype.
In this study, pedigree analysis was used to identify obligate carriers among the dogs not available for testing. In this process, the authors identified the following dogs as obligate carriers: dogs I.1, I.2, II.1 and II.4 for vWD1 (Fig 1a) and dog II.5 for hyperuricosuria (Fig 1a) . In addition, both the dam and sire to dogs 665 and 627 carry at least one copy of the vWD1 mutation and at least the dam or sire of 620 and 623 carry one or two copies of the vWD1 mutation (Fig 1b, c) . Pedigree analysis does not allow one to distinguish carriers from affected individuals.
DISCUSSION
The Drents have been documented to be predisposed to a few hereditary diseases, some of which occur in other breeds with known mutations, including progressive retinal atrophy, distichiasis, entropion and ectropion, persistent pupillary membranes, retinal dysplasia and von Willebrand disease (O'Connor 2014). Familial stomatocytosis-hypertrophic gastritis, has also been identified in a group of closely related Drents (Slappendel and others 1991). In addition, several disorders that likely have a genetic component are found in Drents including hip dysplasia, hypothyroidism, absent teeth and cryptorchidism (O'Connor 2014) . Genetic mutations have not been published for any of these conditions in Drents.
The authors screened 13 Drents for 142 mutations in genes known to cause disease in other breeds. The authors identified five carriers (dogs 618, 619, 620, 623 and 628) by mutation analysis and at least five carriers by pedigree analysis (dogs I.1, I.2, II.1, II.4 and II.5). Among these, four dogs from a related pedigree were identified to be carriers of hyperuricosuria (Fig 1a) and eight dogs from three pedigrees were found to be carriers of von Willebrand disease type 1 (Fig 1a-c) . Two dogs (619 and 628) were carriers of both diseases. In addition, three dogs (617, 627 and 665), from one pedigree, were found to have two copies of the mutation for von Willebrand disease type 1 and are considered at-risk and expected to have low amounts of VWF as typically associated with this disease. Analysis of plasma from dogs 617 and 665 showed abnormally low VWF antigens (21 and 19 per cent as compared with a 100 per cent standard, respectively; normal reference interval 70-180 per cent). Dogs with antigen measurements of <50 per cent are considered affected and may show bleeding tendencies. The clinical history on dog 665, as reported by his owner, has not shown any abnormal bleeding episodes. Dog 627 was not available for additional analyses of the VWF antigen. No dogs were found with two copies of the hyperuricosuria mutation. The mutation in the gene SLC2A9 associated with hyperuricosuria has been reported in a large number of breeds (Karmi and others 2010), but not previously reported in the Drents. The SLC2A9 gene codes for a protein that allows the kidneys to reabsorb uric acid from the glomerular filtrate. Dogs with mutations in both copies of the SLC2A9 gene are predisposed to having elevated levels of uric acid in the urine (Bannasch and others 2008). The disease is characterised by the formation of urate crystals and uroliths in the urinary tract.
Because uroliths in the bladder predispose dogs to cystitis, dogs with hyperuricosuria most commonly present with clinical signs of recurrent urinary tract inflammation. They may also have non-specific clinical signs related to renal insufficiency or cystitis. More seriously, uroliths can cause blockage of the urethra especially in males. When urethral blockage occurs, it is an emergency situation. Dog owners who have screened for the genetic mutation associated with hyperuricosuria and know that their dog is at risk for urolith formation are more prepared to recognise signs of cystitis or urethral blockage and take appropriate measures. Dogs with hyperuricosuria can also be placed on a diet low in protein and purines to help prevent stone formation.
The various types of vWD are the most common inherited bleeding disorders of dogs. Three types have been identified based on quantitative and structural defects in VWF: type 1, type 2 and type 3. In addition to having different mutations in VWF, these three types vary in severity with type 1 being the mildest and type 3 being the most severe. In this study, the Drents were found to carry the mutation for type 1 vWD, previously identified in several breeds of dog others 1992, 2001) . Type 1 vWD is characterised by abnormally low amounts of VWF protein which is necessary for primary hemostasis. Dogs with vWD1 are at risk for prolonged bleeding, which is most commonly noticed as minor bleeding of the gums when puppies lose their primary teeth, but can be severe after trauma or surgery. Knowing that a dog is at risk for bleeding diathesis allows the owner and veterinarian to recognise the risk of excessive bleeding during routine surgery or after traumatic events and to prepare appropriately.
Limitations
The Drent is a very rare breed in North America with only about 120 dogs known. The authors recognise that the sample size of 13 related dogs is small (roughly 10 per cent of the available population) and that rare mutations will not be identified. In addition, although 142 mutations were tested, mutations not screened for will not be uncovered. Nonetheless, using this small sample size, the authors were able to identify two common mutations in the breed that can be used for further screening and breeding strategies.
Conclusions
Drent breeders can use the information gained in this study to direct their genetic testing and choose appropriate breeding pairs. Results of such genetic screening will inform breeders of the Drentsche patrijshond about the risks of either hyperuricosuria or vWD1 in their dams, sires and puppies. In some breeding programmes, breeders conduct line breeding: mating parents to siblings, grandfather to granddaughter, half brother to half or full sister or uncle to niece. As the pedigree in Fig 1a demon strates, line breeding of certain dogs within this pedigree is likely to produce dogs affected with hyperuricosuria and/or vWD1. Knowing the genotypes for specific mutations in potential breeding dogs allows for informed decisions, and avoidance of producing affected puppies, within a breeding programme. This study also illustrates the use of high throughput screening 
